Exercise is associated with large increases in ventilation, which are consciously perceived as the 41 sensation of breathlessness. We have previously demonstrated closer matching between changes 42 in ventilation and corresponding perceptions of breathlessness in endurance athletes compared 43 with sedentary controls (Faull et al., 2016a), suggesting improved accuracy when interpreting 44 respiratory sensations, or ventilatory interoception. Here, we sought to identify the mechanisms 45 by which the processing of respiratory perception is optimised in these subjects. 46 Forty participants (20 athletes, 20 age/sex-matched sedentary participants) were scanned 47 using a 7T Siemens Magnetom (Nova Medical 32 channel Rx, single channel birdcage Tx). 48 Anticipation and breathlessness were induced with a previously trained delay-conditioned cue 49 and an inspiratory resistance during fMRI scanning. Differences between group means and slope 50 of subjective scores during task-based and resting fMRI were analysed using non-parametric 51 statistical testing and independent component analysis. 52 Athletes demonstrated greater brain activity corresponding with intensity scores during 53 anticipation of breathlessness, compared to sedentary controls. Athletes also exhibited greater 54 functional connectivity (or communication) between a task-positive brain network closely 55 matching breathlessness activity, and areas of primary sensorimotor cortices active during 56 inspiratory resistance. These functional activity and connectivity differences in athletic brains 57 may represent optimized processing of respiratory sensations, and contribute to improved 58 ventilatory interoception in athletes. Furthermore, these brain mechanisms may be harnessed 59 when exercise is employed in the treatment of breathlessness for chronic respiratory disease. 60
Key points
• Endurance athletes train to improve their respiratory system for enhanced exercise 24 capacity and performance. However, it is unknown whether concurrent adaptation occurs 25 in brain networks perceiving respiratory-related sensations, such as breathlessness. 26 • We have previously shown improved matching between changes in ventilation and 27 perceptions of breathlessness in endurance athletes compared to sedentary controls (Faull 28 et al., 2016a) . Here, we used functional brain scanning to investigate differences in brain 29 activity during breathlessness tasks in these subjects. 30 • Athletes demonstrated a network of brain activity during anticipation of resistive 31 inspiratory loading that corresponds to subjective breathlessness intensity, which was 32 absent in sedentary controls. This may be related to improved brain synchronicity 33 observed between primary sensorimotor cortices and task-positive brain networks in 34 these athletes, and may underpin our previous findings of improved ventilatory 35 interoception. 36 • Understanding brain changes in respiratory perceptions may help us to target both 37 endurance training mechanisms and treatment of disease-related breathlessness 38 symptomology. 39 Introduction 61 Athletes are able to undertake incredible feats of human achievement, with faster, higher and 62 stronger performances recorded each year. Whilst exercise training is known to induce 63 widespread physiological changes in the periphery, the concurrent changes in the structure and 64 function of the athletic brain are less well investigated. For endurance athletes, exercise training 65 is targeted to improve the ability of tissues to utilize oxygen in the combustion of fuels such as 66 fat and carbohydrate, producing the energy required for repeated skeletal muscle contraction 67 (Holloszy & Coyle, 1984; Jones AM, 2012) . However, the role of the brain in perceiving and 68 modulating changing sensations from the periphery, useful for processes such as pacing 69 strategies and to maintain homeostasis, is often overlooked. 70 Ventilation during exercise is tightly controlled, balancing neurally-modulated feed 71 forward ventilatory commands and peripheral feedback to stimulate appropriate ventilation for 72 exercising needs (Kaufman & Forster, 1996; Waldrop et al., 1996) . Respiratory sensations are 73 monitored to maintain homeostasis (Davenport & Vovk, 2009) , and with sufficient exercise 74 intensity, the strain of immense increases in ventilation induces perceptions of breathlessness 75 (El-Manshawi et al., 1986; Takano et al., 1997; Lansing et al., 2000; Borg et al., 2010) . While 76 endurance athletes are repeatedly exposed to these respiratory sensations and breathlessness, it is 77 as yet unknown whether brain networks involved in these perceptions may also adapt to better 78 cope with exercise demands. This understanding would allow us to explore how interoceptive 79 processing of ventilation might adapt or be altered in different states, such as here in athletes, and 80 open the door to future work in disease models of altered breathlessness perceptions. 81 Importantly, prior experiences of strong respiratory sensations may also alter the way 82 someone anticipates and perceives breathlessness (Faull et al., 2017; Van den Bergh et al., 2017; 83 5 Herigstad et al., n.d.) . Expectations regarding upcoming respiratory sensations from conditioned 84 cues (Pavlov et al., 2003) , for example the breathlessness associated with an approaching hill 85 whilst running, can be an important influence on both preventative actions (i.e. to avoid the hill), 86 or on the perception itself (Price et al., 1999; Porro et al., 2002; Wager et al., 2004) . Repeated 87 breathlessness exposure may alter this anticipation in athletes, focusing their attention towards 88 respiratory sensations (Merikle & Joordens, 1997; Phelps et al., 2006; Ling & Carrasco, 2006) , 89 reducing their anxiety (Spinhoven et al., 1997; Bogaerts et al., 2005; Tang & Gibson, 2005) or 90 improving their interoceptive ability (Gray et al., 2007; Critchley et al., 2013; Mallorqui-Bague 91 et al., 2016; Garfinkel et al., 2016b; 2016a) . Interestingly, exercise therapy is currently the most 92 effective treatment for breathlessness associated with chronic obstructive pulmonary disease 93 (COPD), improving breathlessness intensity and anxiety (Carrieri-Kohlman et al., 1996; 2001; 94 Herigstad et al., n.d.), without concurrent improvements in lung function. It is possible that 95 athletes may have different prior expectations and anticipations of breathlessness, although this 96 has yet to be investigated. 97 In previous work we have observed closer matching between changes in ventilation and 98 perceptions of breathlessness in endurance athletes compared to sedentary individuals (Faull et 99 al., 2016a) . Here, we sought to identify how the brain processing of both anticipation and 100 perception of respiratory sensations may be altered in these athletes, to better understand 101 potential contributors to ventilatory interoception. We investigated functional brain activity 102 during both conditioned anticipation and perception of a breathlessness stimulus, as well as any 103 differences in the resting temporal coherence, or 'functional connectivity' (Gerstein & Perkel, 104 1969; Van Den Heuvel & Pol, 2010 ) of brain networks involved in attention towards sensory 105 information. Differences in underlying functional connectivity may help us to understand how 106 6 the athlete brain may be altered to facilitate accurate respiratory perceptions, and we 107 hypothesized that these athletes (Faull et al., 2016a) would demonstrate both altered functional 108 breathlessness-related brain activity and connectivity to their sedentary counterparts. disease. This cohort comprised two groups; 20 subjects who regularly participated in endurance 117 sport (10 males, 10 females; mean age ± SEM, 26 ± 1.7 years) and 20 age-and sex-matched (±2 118 years) sedentary subjects (10 males, 10 females; mean age ± SEM, 26 ± 1.7 years). Prior to 119 scanning, all subjects underwent breathlessness testing during exercise and chemostimulated 120 hyperpnea, which have been presented elsewhere (Faull et al., 2016a) , and a combined whole-121 group analysis of fMRI data has been previously reported (Faull & Pattinson, 2017) .
123
Stimuli and tasks 124 Subjects were trained using an aversive delay-conditioning paradigm to associate simple shapes 125 with an upcoming breathlessness (inspiratory resistance) stimulus (Faull & Pattinson, 2017) . 126 Two conditions were trained: 1) A shape that always predicted upcoming breathlessness (100% 127 contingency pairing), and 2) A shape that always predicted unloaded breathing (0% contingency 128 pairing with inspiratory resistance). The 'certain upcoming breathlessness' symbol was presented 7 on the screen for 30 s, which included a varying 5-15 s anticipation period before the loading 130 was applied. The 'unloaded breathing' symbol was presented for 20 s, and each condition was 131 repeated 14 times in a semi-randomised order. A finger opposition task was also included in the 132 protocol, where an opposition movement was conducted between the right thumb and fingers, mouth pressure was also calculated in each block and averaged in each subject for the resistive 176 loading condition. Mean peak mouth pressure, breathlessness intensity and breathlessness 177 anxiety ratings were then compared between the two groups using a student's paired T-test. Registration of the subjects' T1 structural scan to 1 mm standard space was performed using an , 2008; Pattinson et al., 2009a; 2009b; Faull et al., 2015; 2016b) . Contrasts for breathlessness 213 (vs. baseline) and differential contrasts of anticipation of breathlessness > unloaded breathing 214 (referred to as 'anticipation' or 'anticipation of breathlessness') were investigated at the group 215 level, as well as the control condition of finger opposition (vs. baseline). 216 Functional voxelwise analysis incorporated HRF modeling using three FLOBS regressors 217 to account for any HRF differences caused by slice-timing delays, differences across the 218 brainstem and cortex, or between individuals (Handwerker et al., 2004; Devonshire et al., 2012) . were considered for group differences. Therefore, p threshold significance was adjusted to p < 243 0.025 using Bonferroni correction for multiple comparisons. 
Results

247
Physiology and psychology of breathlessness 248 Mean physiological values for each group for mouth pressure, P ET CO 2 , P ET O 2 , RVT, respiratory 249 rate and RVT are presented in Table 1 . Group scores for breathlessness intensity and anxiety are 250 presented in Table 2 , with no mean differences observed between groups. labeled as noise (see Supplementary Figure 1 for a summary the 20 resting networks). Two 289 networks of interest were identified for group comparison analyses: 1) The network most 290 representative of the typical 'default mode', which was closely represented by the whole group 291 decrease in brain activity during anticipation of breathlessness, and 2) The network that 292 displayed the most similarity to the task contrasts (anticipation and resistive loading) or 'task- Main findings 302 We have identified a cohesive brain network pertaining to subjective ratings of anticipated 303 breathlessness intensity in athletes, which is absent in sedentary controls. Comparatively, 304 sedentary subjects demonstrated anticipatory activity in the caudate nucleus and putamen 305 corresponding to anxiety scores, which was not present in athletes. Athletes also demonstrated 306 greater connectivity between an area of primary sensorimotor cortex that is active during 307 inspiratory resistance, and a cingulo-opercular 'task-positive' network identified at rest. This 308 network has strikingly similarities to the pattern of positive and negative BOLD changes induced 309 during both anticipation and breathlessness, and may relate to attention and processing of 310 sensory signals related to breathlessness. Increased connectivity between sensorimotor cortex 1 5 and the cingulo-opercular brain areas active during breathlessness tasks may underlie the 312 observed differences in processing of respiratory signals during anticipation, and the improved 313 ventilatory interoception previously reported in these endurance athletes (Faull et al., 2016a) . as attention (Merikle & Joordens, 1997; Phelps et al., 2006; Ling & Carrasco, 2006) and 341 interoceptive ability (Gray et al., 2007; Critchley et al., 2013; Mallorqui-Bague et al., 2016; 342 Garfinkel et al., 2016b) are thought to influence this system, either by altering the prior 343 expectations or incoming sensory information. Therefore, it is possible that repeated exercise It is now well established that the brain can be functionally parsed into resting state 357 'networks', where distinct brain regions are consistently shown to exhibit temporally similar 358 patterns of brain activity (Smith et al., 2009; Miller et al., 2016) . While properties of these 359 resting state networks have been linked to lifestyle, demographic and psychometric factors 360 (Smith et al., 2015; Miller et al., 2016) , here we have found connectivity differences between 361 athletes and sedentary subjects for a cingulo-opercular network that displays a very similar 362 spatial distribution to the pattern of activity observed during the breathlessness tasks ('task-363 positive'), with (on average) a negative connectivity to primary sensorimotor cortices active 364 during breathlessness (Figure 3 ). This task-positive network is also strikingly similar to 365 previously reported networks of ventral and dorsal attention (Fox et al., 2005; 2006) . Here, we 366 have demonstrated greater functional connectivity in athletes between an area of primary sensory 367 and motor cortices that has consistently been identified as active during tasks such as breath 368 holds (Pattinson et al., 2009b; Faull et al., 2015) and inspiratory resistances (Faull et al., 2016b; 369 Hayen et al., 2017; Faull & Pattinson, 2017) . It is possible that this greater connectivity in 370 athletes between an attention network and primary sensorimotor cortex contributes to the 371 processing of incoming and outgoing respiratory information, and thus may also be related to 372 improved ventilatory interoception. 373 Whilst this cross-sectional study is unable to determine whether endurance exercise 374 training induces these differences in brain function and connectivity, or whether these 375 individuals are biased towards training for endurance sports, this work provides intriguing 376 preliminary insight that the brain may undergo adaptation in conjunction with the periphery, to 377 more accurately process ventilatory interoception and perceptions of bodily sensations such as 378 breathlessness. 379 1 8 380 Clinical implications of altering breathlessness processing 381 As discussed, prior expectations of breathlessness are now considered to be a major contributor 382 to symptom perception (Hayen et al., 2013; Faull et al., 2017; Van den Bergh et al., 2017; 383 Geuter et al., 2017; Herigstad et al., n.d.) . Altering the accuracy of breathlessness perception 384 using exercise training may be of interest when treating individuals with habitual symptomology, 385 such as those with chronic obstructive pulmonary disease (COPD) or asthma. Recent research 386 has shown exercise training to reduce breathlessness intensity and anxiety in patients with 387 COPD, with corresponding changes in the brain's processing of breathlessness-related words 388 (Herigstad et al., 2016; n.d.) . It has been proposed that exercise exposure alters breathlessness 389 expectations and priors in these patients, modifying symptom perception when it has become 390 discordant with physiology in chronic disease (Parshall et al., 2012; Herigstad et al., n.d.) . It is 391 also possible that exercise helps improve the processing of respiratory signals for more accurate 392 ventilatory interoception in these patients, allowing breathlessness perception to better match In this study, we have demonstrated altered anticipatory brain processing of breathlessness 401 intensity in athletes compared to sedentary subjects. This altered functional brain activity may be 1 9 underpinned by increased functional connectivity between a task-positive network related to 403 breathlessness, and sensorimotor cortex that is active during ventilatory tasks. These differences 404 in brain activity and connectivity may relate to improvements in ventilatory interoception 405 previously reported between these subject groups (Faull et al., 2016a) , and open the door to 406 investigating exercise and interoception as a tool to manipulate brain processing of debilitating 407 symptoms, such as breathlessness in clinical populations. Tables   588  589  590  591 
